Two experiments using soybean meal (SBM) or canola meal (CM) were conducted to investigate whether the choice of digestibility marker influenced the apparent ileal digestibility (AID) or standardized ileal digestibility (SID) of N and AA in diets supplemented with phytase. In each experiment, 18 barrows fitted with T-cannulas at the ileocecal junction were assigned to 3 diets consisting of a N-free diet to determine endogenous losses of N and AA, a semipurified diet (SBM in Exp. 1 or CM in Exp. 2), and the semipurified diet supplemented with phytase at 1,000 phytase units/kg. Three digestibility markers including acid-insoluble ash (AIA), chromic oxide (Cr 2 O 3 ), and titanium dioxide (TiO 2 ) were added to each diet at 3 g/kg. Each diet was fed for 7 d, consisting of a 5-d adjustment and a 2-d collection of ileal digesta. In both studies, basal ileal endogenous losses determined with Cr 2 O 3 as a digestibility marker were lower (P < 0.01) than with those determined with AIA or TiO 2 digestibility markers. Using SBM as the protein source in Exp. 1, there was no interaction between phytase and digestibility marker on AID or SID of AA. The AID of N and AA in SBM using AIA as a digestibility marker tended to be lower (P < 0.1) compared with Cr 2 O 3 or TiO 2 digestibility markers.
ABSTRACT: Two experiments using soybean meal (SBM) or canola meal (CM) were conducted to investigate whether the choice of digestibility marker influenced the apparent ileal digestibility (AID) or standardized ileal digestibility (SID) of N and AA in diets supplemented with phytase. In each experiment, 18 barrows fitted with T-cannulas at the ileocecal junction were assigned to 3 diets consisting of a N-free diet to determine endogenous losses of N and AA, a semipurified diet (SBM in Exp. 1 or CM in Exp. 2), and the semipurified diet supplemented with phytase at 1,000 phytase units/kg. Three digestibility markers including acid-insoluble ash (AIA), chromic oxide (Cr 2 O 3 ), and titanium dioxide (TiO 2 ) were added to each diet at 3 g/kg. Each diet was fed for 7 d, consisting of a 5-d adjustment and a 2-d collection of ileal digesta. In both studies, basal ileal endogenous losses determined with Cr 2 O 3 as a digestibility marker were lower (P < 0.01) than with those determined with AIA or TiO 2 digestibility markers. Using SBM as the protein source in Exp. 1, there was no interaction between phytase and digestibility marker on AID or SID of AA. The AID of N and AA in SBM using AIA as a digestibility marker tended to be lower (P < 0.1) compared with Cr 2 O 3 or TiO 2 digestibility markers.
Phytase supplementation increased (P < 0.001) the AID of Ca and P. The use of AIA or Cr 2 O 3 digestibility marker tended to be associated with lower (P < 0.1) SID values compared with TiO 2 . Phytase did not affect the SID of N or any AA in SBM except for Met, for which there was an increase (P < 0.05) with phytase supplementation. Using CM as the protein source in Exp. 2, there were significant interactions between digestibility marker and phytase. Phytase supplementation had effects (P < 0.01) on AID or SID when Cr 2 O 3 or TiO 2 was used as the digestibility marker. With Cr 2 O 3 or TiO 2 as the digestibility marker in the CM diets, phytase supplementation increased (P < 0.05) the SID of N and all AA (except Trp). There was no SID of N or AA response to phytase supplementation of CM when AIA was used as a digestibility marker. In contrast, there were no clear improvements in AA digestibility from phytase supplementation for SBM. Phytase effects on AID or SID of AA were dependent on the digestibility marker used in diets when CM was used as the protein source but not when SBM was used as the protein source. Therefore, AA digestibility response to phytase supplementation may depend on the protein being evaluated as well as the choice of digestibility marker.
INTRODUCTION
The use of inert digestibility markers is essential in nutrient and energy digestibility studies (Adeola, 2001) . In pigs, a simple T-cannula is one of the approaches used to obtain ileal digesta samples for determining ileal AA digestibility. When determining apparent ileal digestibility (AID) or standardized ileal digestibility (SID) of AA in pigs fitted with T-cannulas, there are factors that can affect the digestibility of ingredients such as type of digestibility marker, level of inclusion in the diet, and recovery of the digestibility marker (Jagger et al., 1992; Olukosi et al., 2012) . Mixed results of AID or SID of AA in swine and poultry have been reported using different digestibility markers in diets supplemented with phytase (Traylor et al., 2001; Radcliffe et al., 2006; Pomar et al., 2008; Sands et al., 2009 ). Selle and Ravindran (2007) suggested that the type of digestibility marker could be very important based on AID responses to phytase supplementation observed in studies where titanium dioxide (TiO 2 ) or acid-insoluble ash (AIA) were used.
Results with pigs, poultry, and fish suggest that digestibility markers may impact nutrient digestibility in a number of ways (Tacon and Rodrigues, 1984; Olukosi et al., 2012) . Several studies have indicated that recovery is less for chromic oxide (Cr 2 O 3 ) than TiO 2 or have cited issues with analytical procedures for both digestibility markers (Jagger et al., 1992; Yin et al., 2000) . Also, Fan and Sauer (2002) noted that in diets or ingredients that are high in fiber, Cr 2 O 3 has been shown to yield a more consistent result than AIA. Therefore, 2 studies were conducted to test the null hypothesis that the choice of digestibility index marker does not influence the apparent or standardized ileal AA digestibility response to dietary phytase supplementation. The objective of both studies was to evaluate the influence of different digestibility markers on AID and SID of AA in cannulated pigs fed phytase-supplemented diets with soybean meal (SBM) or canola meal (CM) as the protein sources in those diets.
MATERIALS AND METHODS
The Purdue Animal Care and Use Committee (Purdue University, West Lafayette, IN) approved all animal procedures used in the 2 studies.
Pigs
Eighteen cannulated Hampshire × Duroc × Yorkshire × Landrace barrows were used in the 2 studies. The barrows were surgically fitted with a simple T-cannula approximately 6 cm anterior to the ileocecal junction to enable collection of ileal digesta according to the procedure described by Zhai and Adeola (2011) . All the pigs were housed in metabolism crates (1.22 by 1.22 m) with low-pressure, automatic waterers and 24-h lighting. Each diet was fed for 7 d, consisting of a 5-d adjustment and a 2-d collection of ileal digesta. Daily feed allowance was set at 3.5% of the BW of the lightest pig in each BW block and was divided into 2 equal meals. The pigs were fed at 0700 and 1700 h and ileal digesta were collected from 0700 to 1700 h on d 6 and 7 by attaching a plastic bag containing 10 mL of 5% formic acid to the cannula with a rubber O-ring. The plastic collection bag was inspected periodically, changed immediately as needed, and stored frozen at -20°C before processing.
Experiment 1
The cannulated barrows were allocated to 3 diets consisting of a N-free diet (NFD), a semipurified diet in which all the protein was supplied by SBM, and the semipurified SBM diet plus 1,000 phytase units/kg (Table 1). The phytase product used was Phyzyme XP supplied by Danisco Animal Nutrition, Marlborough, UK. The NFD was used to determine basal ileal endogenous AA losses (IAA end ). Each of the 3 diets was supplemented with the digestibility index markers Celite (AIA; Brenntag Mid-South Inc., Indianapolis, IN), Cr 2 O 3 , and TiO 2 (Table 1) . Therefore, there were 9 dietary treatments in a split-plot experiment with 6 observations per dietary treatment. Each diet was supplemented with the 3 digestibility markers and fed to 6 pigs, with each pig being the observational unit. The average BW of the cannulated barrows at the beginning and end of the study were 39.3 ± 0.71 and 40.4 ± 0.80 kg, respectively.
Experiment 2
In the second study, cannulated barrows (the same pigs as used in Exp.1) were assigned to 3 diets consisting of a NFD, a semipurified diet in which all the protein was supplied by CM, or the semipurified CM diet plus 1,000 phytase units/kg. Ingredient composition of the diets is presented in Table 1 . The 3 diets were supplemented with the same digestibility index markers as in Exp. 1. Therefore, there were 9 dietary treatments in a split-plot experiment with 6 observations per dietary treatment. Each diet was supplemented with the 3 digestibility markers and fed to 6 pigs, with each pig being the observational unit. The average BW of the cannulated barrows at the beginning and end of the study were 45.2 ± 0.90 and 47.2 ± 1.16 kg, respectively.
Chemical Analyses and Calculations
The digesta were subsequently thawed and pooled per pig, subsampled, freeze-dried, and ground through a 0.5-mm screen before chemical analysis. All samples were dried at 105°C in a drying oven (Precision Scientific Co., Chicago, IL) for 24 h to determine the DM content. Nitrogen content was determined by the combustion method using a LECO Model FP-2000 Nitrogen Analyzer (LECO, St. Joseph, MI). Chromium content was determined by digesting the samples in concentrated nitric acid and 70% perchloric acid and absorption was measured at 440 nm using a spectrophotometer (Spectronic 21 D; Milton Roy Co., Rochester, NY). Acid-insoluble ash was analyzed using AOCS Official Method Ba 5b-68 (AOCS, 2000), chromium (Cr) was analyzed using the method of Fenton and Fenton (1979) , and titanium (Ti) analysis used the method of Myers et al. (2004) with a slight modification, which involved the digestion of the sample for 4 h. Amino acid composition of the diets and digesta were determined digesta were determined following hydrolysis in 6 N HCl (or BaOH for Trp analysis) for 24 h at 110°C under N atmosphere. For Met and Cys, performic acid oxidation was performed before acid hydrolysis. The AA in the hydrolyzate were determined by HPLC after postcolumn derivatization. All AA analyses were conducted at the University of Missouri Agricultural Experiment Station Chemical Laboratory (AOAC, 2006; method 982.30 E (a, b, c) ).
The AID (%), SID (%), and basal IAA end were calculated using the following equations (Zhai and Adeola, 2011) :
and
in which M i and M O are the digestibility index marker concentrations (AIA, Cr 2 O 3 , or TiO 2 ) in diet and ileal output, respectively (mg/kg of DM); AA i and AA O are the AA concentration of diet and ileal output, respectively (mg/kg of DM); basal IAA end is expressed in milligrams per kilogram DMI. The basal ileal endogenous losses determined with each digestibility marker were used to correct digestibility based on the same marker. The equations for AID were also used for Ca or P digestibility calculations with AA replaced by Ca or P, respectively.
Statistical Analyses
In each of Exp. 1 and 2, basal IAA end data were analyzed as a randomized complete block design with digestibility index marker and blocks as sources of variation. Body weight served as the blocking factor. Because each diet had 3 digestibility markers, data from each of the 2 studies were analyzed separately as split-plot experiments in a randomized complete block design using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Dietary phytase added at 0 or 1,000 units/kg was the main-plot factor and digestibility marker (AIA, Cr 2 O 3 , or TiO 2 ) was the split-plot factor. This analysis used the main-plot error to test the fixed effect of phytase and the split-plot error to test the fixed effects of digestibility marker and the interaction between phytase and digestibility marker. In each study, each of 3 diets was fed to 6 pigs for a total of 18 pigs. Probability values for main effects and interactions are presented. Statistically significant difference was set at P < 0.05 and trend was set at 0.05 < P < 0.10. 
RESULTS
Analyzed chemical composition of the experimental diets used in Exp. 1 and 2 are shown in Table 2 . The effects of dietary treatment on basal IAA end at the terminal ileum of pigs fed the NFD in Exp. 1 and 2 are shown in Table 3 . In both studies, there were lower (P < 0.01) IAA end with the Cr 2 O 3 than with the AIA or TiO 2 digestibility marker. No interactions were observed between phytase and digestibility marker for AID using SBM as a protein source (Table 4 ). The AID of N and AA in SBM using AIA as a digestibility marker tended to be lower (P < 0.1) compared with the Cr 2 O 3 or TiO 2 digestibility marker (Table 4) . As expected, phytase supplementation increased (P < 0.001) the AID of Ca and P. Furthermore, AID of Met was increased (P < 0.05) by phytase supplementation.
Digestibility marker and phytase effects on AID of Ca, P, N, and AA using CM as the only dietary protein source are presented in Table 5 . There were significant interactions between digestibility marker and phytase for AID of virtually all response criteria. Phytase had an effect, in general, only when Cr 2 O 3 or TiO 2 was used as digestibility marker. Using CM as the dietary protein source, the TiO 2 digestibility marker was associated with the lowest AID for Ca, N, and all AA analyzed (P < 0.01) with the exception of P, which was not influenced by digestibility marker type. In addition, for diets with CM as the only dietary protein source, there was an interaction (P < 0.05) between phytase supplementation and digestibility marker type in almost all response criteria evaluated, with exceptions being Arg, Gly, and Pro. With these exceptions, it is important to note that the SE for Gly and Pro (1.31 and 2.92, respectively) were higher compared with the other AA. The AID of Ca, N, and most AA were influenced by digestibility marker type and lower (P < 0.05) when TiO 2 was used as a digestibility marker compared with AIA, but there was no difference between AIA and Cr 2 O 3 in the CM diets.
The effects of digestibility marker type and phytase on SID of N and AA in SBM and CM are presented in Tables 6 and 7, respectively. The AIA or Cr 2 O 3 digestibility marker tended to be associated with lower (P < 0.1) SID values compared with the TiO 2 digestibility marker (Table 6). Phytase did not affect the SID of N or any AA except for Met, for which there was an increase (P < 0.05) with phytase supplementation (Table 6 ). With Cr 2 O 3 or TiO 2 as the digestibility marker, phytase supplementation increased (P < 0.05) the SID of N and all AA (except Trp) in CM (Table 7) . There was no SID of N or AA response to phytase supplementation of CM when AIA was used as a digestibility marker (Table 7) .
DISCUSSION
The objective of the experiments reported herein was to investigate the influence of different digestibility markers on AID and SID of AA in cannulated pigs fed phytase-supplemented diets in which SBM or CM was the sole protein source. Digestibility markers are often used in index methods for the determination of ileal digestibility of AA and it has been suggested that ileal AA digestibility response to phytase may be dependent on the choice of digestibility marker (Selle et al., 2006; Selle and Ravindran, 2007; Cowieson and Bedford, 2009) . Because feeding the multiple digestibility markers together provides a stronger basis for comparison of the effects of the digestibility markers on ileal AA digestibility (Olukosi et al., 2012) , we used AIA, Cr 2 O 3 , and TiO 2 in the same diet. Combining digestibility markers together did not influence marker recovery when using a wet digestion technique (Myers et al., 2004; Olukosi et al., 2012) . In contrast to the Olukosi et al. (2012) study in which complete feeds were used and AID were evaluated, semipurified diets with SBM or CM as sole protein sources were used and both AID and SID were determined for the experiments reported here. In the current experiment, with SBM as the sole dietary protein source, the AID and SID of Thr, Gly, Pro, Ser, and total AA were lower when determined with AIA than Cr 2 O 3 or TiO 2 . Supplementation with phytase did not affect either AID or SID of any AA except Met. For CM however, dietary phytase supplementation increased AID and SID of AA when Cr2O3 or TiO2 was used as a digestibility marker, and the TiO2 digestibility marker-derived AID or SID of AA were generally lower than those determined with AIA or Cr2O3. For SBM, there was generally no effect of digestibility marker, but for CM, the AID of AA were either not different between AIA and Cr 2 O 3 or lower for TiO 2 regardless of phytase supplementation of the diet. Basal ileal endogenous losses were higher when AIA or TiO 2 was used as digestibility marker than when Cr 2 O 3 was used. Correction of AID for basal ileal endogenous losses resulted in SID of AA being generally higher with AIA as digestibility marker than either Cr 2 O 3 or TiO 2 as digestibility marker in CM diet that was not supplemented with phytase. When the CM diet was supplemented with phytase, the digestibility marker-associated differences in SID disappeared. The response in AID or SID to phytase were therefore dependent on the digestibility marker (Cr 2 O 3 or TiO 2 ) used in diets when CM was the protein source. Canola meal is a byproduct of canola processing to produce vegetable oil and is largely produced in Canada and the northern United States (Baidoo et al., 1987) . Recent experiments have clearly suggested that AA in swine diets should be formulated on the basis of true or standardized AA digestibility (Zhai and Adeola, 2011; Olukosi et al., 2012) . The digestibility of key essential AA is lower in CM than in SBM (NRC, 2012). As observed in the present study, the digestibility of nutrients in SBM was numerically higher than those in CM. One possibility is the higher fiber content in CM compared with SBM (NRC, 2012) . In earlier studies, a lower pig growth rate with CM was observed compared with SBM, because levels of digestible Lys decreased as CM inclusion level increased in the diets (McIntosh et al., 1986; Baidoo et al., 1987; Bell et al., 1988) . More recently, feeding trials with CM in grower pigs where the diets were balanced to the same levels of apparent ileal digestible Lys resulted in growth rates equivalent to SBM, even at very high inclusion levels of CM in the diets (Mullan et al., 2000; Raj et al., 2000) .
There are conflicting and inconsistent results in the literature on the response in improvement of N and AA utilization to phytase in pigs (Traylor et al., 2001; Adeola and Sands, 2003; Radcliffe et al., 2006; Sands et al., 2009 ). Supplementation of phytase was reported to improve AA digestibility in pigs (Radcliffe et al., 2006) . There was no response to phytase in other studies for pigs (Traylor et al., 2001; Sands et al., 2009 ). In poultry, phytase supplementation improved AA digestibility Centeno et al., 2007; Cowieson and Bedford, 2009 ). Phytase supplementation did not improve AA digestibility in other studies for poultry (Snow et al., 2003; Centeno et al., 2007; Kong and Adeola, 2011) . Rutherfurd et al. (2002) and Pomar et al. (2008) observed responses in digestibility of a few AA to phytase supplementation. With respect to species, the structure of the gastrointestinal tract of pigs and chickens are fundamentally different. The gizzard as well as extensive reverse peristalsis in poultry could have perceptible influence on digestibility marker choice that simply may not apply in pigs. In their reviews, Selle and Ravindran (2007) and Selle et al. (2006) suggested that the differences in ileal AA digestibility response to phytase supplementation may be due to the type of digestibility marker used. Furthermore, Selle and Ravindran (2007) and Cowieson and Bedford (2009) noted that in general, AID in the control diets when Cr 2 O 3 was the digestibility marker was lower than equivalent diets that used TiO 2 as a digestibility marker. However, in studies reported by Olukosi et al. (2012) , no clear improvements in AA digestibility due to phytase supplementation in either broiler chickens or pigs were observed. In contrast, phytase supplementation in the present data improved AA digestibility of CM but not SBM when Cr 2 O 3 or TiO 2 was used as a digestibility marker. Notionally, intrinsic protein structure and characteristics in the gastrointestinal tract play a vital role in AA digestibility response to phytase. In the current study, phytase supplementation increased the AID and SID of N and AA only for CM when Cr 2 O 3 or TiO 2 was used as the digestibility marker. In contrast, there were no clear improvements in AA digestibility from phytase supplementation for SBM, which is possibly due to differences in ingredient substrates that would be subject to phytase action. The fiber and phytic acid content in CM is approximately 50 and 30% higher, respectively, compared with SBM (NRC, 2012) . Both can impair nutrient digestibility by pigs (Liao et al., 2005; Bohlke et al., 2005) . Given the greater phytate content of the CM and the higher inclusion rate in the diet, the CM diets would have contained almost twice as much phytate as the SBM diets. It is interesting to also note that the basal digestibility level of AA in the CM diets was significantly lower than the SBM diets, which possibly partially reflects the impact of phytate on AA digestibility and thus the response to the enzyme as seen. It is far more difficult to improve on 90% compared with 75% digestibility. There is some evidence to suggest that phytate can reduce AID for minerals while exerting a limited effect on endogenous losses of AA.
Some reports indicate that the difference in AID of AA response to phytase supplementation could be due to the type of digestibility marker used (Selle et al., 2006) . Also, there is evidence that the inclusion rate and type of digestibility marker influence feed intake, which could affect the apparent digestibility of nutrients (Tacon and Rodrigues, 1984; Jagger et al., 1992) . However, our study eliminated any feed intake variation because all pigs were fed an amount equal to 3.5% of BW and there were no feed refusals. Several studies have indicated that recovery is less for Cr 2 O 3 than TiO 2 in feces or Cr2O3 is more prone to possible analytical errors for the determination of Cr 2 O 3 compared with TiO 2 and AIA (Peddie et al., 1982; Jagger et al., 1992; Yin et al., 2000; Scott and Bolda, 1997) . For diets or ingredients that are high in fiber, Cr 2 O 3 has been shown to yield a more consistent result than AIA (Fan and Sauer, 2002) . In poultry diets, Selle and Ravindran (2007) observed that the control diet in which Cr 2 O 3 was used generally had greater AID of AA than equivalent diets in which TiO 2 was used as a digestibility marker. The method of determining digestibility marker concentration and recovery of the digestibility marker is important to the final results (Moughan et al., 1991) .
The results of the experiments demonstrated that AID or SID of AA may be affected by choice of digestibility marker. The phytase effects on AID or SID of AA were dependent on the digestibility marker used for diets containing CM with phytase supplementation increasing digestibility when Cr 2 O 3 or TiO 2 was used as AA digestibility marker but no effect of phytase supplementation when AIA was used as a digestibility marker. Further studies are required to address and explore the underlying causes of observed differences among digestibility markers.
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